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The Drosophila Homolog of C. elegans PAR-1
Organizes the Oocyte Cytoskeleton and Directs
oskar mRNA Localization to the Posterior Pole
doux, 1999). Although these similarities strongly suggest
a common mechanism for specifying the germline lin-
eage, studies in Drosophila and C. elegans indicate that
polar granules and P granules are localized by different
processes and at distinct stages of development, sug-
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gesting that the upstream events that polarize the eggUnited Kingdom
are not conserved.
In Drosophila, the anterior±posterior (A±P) axis be-
comes polarized very early in oogenesis, when the oo-
Summary cyte moves to the posterior of the germline cyst (GonzaÂ -
lez-Reyes and St Johnston, 1994; van Eeden and St
In C. elegans, the PAR-1 kinase is localized to the Johnston, 1999). Here, the oocyte signals to the adjacent
posterior of the zygote and is required for anterior± follicle cells, inducing them to adopt a posterior fate,
posterior axis formation. Here, we report that a Dro- and these cells subsequently send an unidentified signal
sophila PAR-1 homolog localizes to the posterior of back to the oocyte to establish A±P polarity (GonzaÂ lez-
the oocyte with oskar mRNA. Furthermore, par-1 mu- Reyes et al., 1995; Roth et al., 1995). This signal induces
tants show a novel polarity phenotype in which bicoid the disassembly of a microtubule organizing center
mRNA accumulates normally at the anterior, but oskar (MTOC) positioned at the oocyte posterior, and microtu-
mRNA is redirected to the center of the oocyte, re- bules are nucleated from a new anterior MTOC to form
sulting in embryonic patterning defects. These pheno- an A±P gradient in which the minus ends appear to lie
types arise from a disorganization of the oocyte micro- at the anterior pole and the plus ends at the posterior
tubule cytoskeleton, consistent with reports that (Theurkauf et al., 1992; Clark et al., 1994, 1997). This
mammalian PAR-1 homologs regulate microtubule dy- polarized microtubule network defines the A±P axis by
namics. Thus, Drosophila PAR-1 may remodel the oo- directing the localization of bicoid (bcd) and oskar (osk)
cyte microtubule network to define the posterior as mRNAs to opposite poles of the oocyte (Theurkauf et
the site for oskar localization. These results identify a al., 1992; Clark et al., 1994; Pokrywka and Stephenson,
molecular parallel between anterior±posterior polar- 1995). The posterior localization of osk mRNA is the
ization in Drosophila and C. elegans. key step in pole plasm assembly, since Osk protein
nucleates the assembly of the polar granules, at least
in part, by directly recruiting components such as VasIntroduction
(Ephrussi et al., 1991; Kim-Ha et al., 1991; Ephrussi and
Lehmann, 1992; Breitwieser et al., 1996). Mutations inIn many organisms, the primary body axis is defined
genes required for osk mRNA localization or for thein the fertilized egg by the localization of cytoplasmic
assembly of the polar granules disrupt the recruitmentdeterminants to distinct regions of the cell. These factors
of germline and posterior determinants to the posteriorhave been best characterized in Drosophila, where both
pole, resulting in a ªposterior groupº phenotype in whichthe posterior determinant, nanos mRNA, and the germ-
embryos lack pole cells and abdominal segments (Leh-line determinants reside in particles called polar gran-
mann and NuÈ sslein-Volhard, 1991).ules that form within the pole plasm at the posterior of
In contrast to Drosophila, there is no predeterminedthe egg (Rongo et al., 1997). In C. elegans and Xenopus,
A±P polarity in the C. elegans oocyte, and the axis ismorphologically similar particles, termed P granules and
polarized instead by sperm entry, which defines thegerminal granules respectively, also localize to one pole
posterior pole (Goldstein and Hird, 1996; Rose andof the egg, and like their Drosophila counterparts, segre-
Kemphues, 1998). This event triggers a rearrangementgate into the germline lineage during the embryonic
of the cortical actin cytoskeleton in which actin focicleavage divisions (Eddy, 1975; Seydoux and Strome,
migrate toward the anterior pole, generating cyto-1999). Furthermore, at least some of the components
plasmic flows in the cell interior that move the P granulesof these granules have been conserved during evolution.
to the posterior (Hird and White, 1993; Hird et al., 1996).For example, one of the first proteins incorporated into
The cell then divides asymmetrically to generate a largethe Drosophila polar granules is Vasa (Vas), an RNA
anterior AB cell and a smaller posterior P1 cell, whichhelicase that is required for both posterior and germline
inherits the P granules and subsequently gives rise todevelopment, and homologs have also been shown to
the germline lineage. Consistent with this actin-basedlocalize to the germline in C. elegans and Xenopus (Hay
mechanism for cell polarization, actin depolymerizinget al., 1988; Lasko and Ashburner, 1990; Roussell and
drugs block the partitioning of the P granules and causeBennett, 1993; Komiya et al., 1994; Gruidl et al., 1996). In
a symmetric division, whereas microtubule depolymer-addition, both P granules and germinal granules contain
ization has no effect on these processes (Strome and
localized mRNAs that are homologous to Drosophila
Wood, 1983; Hird et al., 1996).
nanos (Mosquera et al., 1993; Subramaniam and Sey-
In addition to actin, a number of genes have been
shown to play a role in the establishment of A±P polarity
in C. elegans, including the maternal-effect gene par-1* To whom correspondence should be addressed (e-mail: ds139@
mole.bio.cam.ac.uk). (Kemphues et al., 1988). Mutations in par-1 cause a
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symmetric first division and block the segregation of the N3, preceding a shared kinase domain. Following exon
P granules and other determinants along the A±P axis. 14, alternative splicing can bring the open reading frame
par-1 encodes a serine/threonine kinase, which is itself to a STOP or extend it by about 300 bp that encode a
asymmetrically localized to the posterior cortex of the conserved domain shared by all reported PAR-1 homo-
one-cell zygote and segregated into P1 after the first logs. In addition, we have identified several internal
division (Guo and Kemphues, 1995). The localization splicing differences, as well as alternative splicing which
of PAR-1 is dependent upon other par gene products, solely affects the 59- or 39-UTR sequence (see Figure
including PAR-2 and PAR-3, and also requires the actin 1A and legend). The Drosophila par-1 locus is further
cytoskeleton and the nonmuscle myosin, NMY-2, which complicated by the presence of a nested gene, mei-
interacts directly with a C-terminal region of PAR-1 W68, which encodes a homolog of S. cerevisiae Spo11,
(Etemad-Moghadam et al., 1995; Boyd et al., 1996; Guo and is required for the initiation of double-strand breaks
and Kemphues, 1996). during meiotic recombination (McKim and Hayashi-Hag-
Homologs of PAR-1 have been shown to participate ihara, 1998). mei-W68 shares a promoter and 59-UTR
in cell polarization in other systems, suggesting that with the N1 class of par-1 transcripts, and the coding
this kinase family is part of a conserved pathway for sequence falls entirely within the first par-1 intron (Fig-
generating cellular asymmetry. Disruption of an S. ure 1A).
pombe par-1 homolog, kin1, causes cells to lose their Drosophila PAR-1 is a well-conserved member of the
normal rod-like shape and grow as spheres (Levin and PAR-1 family of serine/threonine kinases and is approxi-
Bishop, 1990). Mammalian PAR-1 homologs localize to mately equally homologous to C. elegans PAR-1 and
the lateral membrane domain of cultured epithelial cells, the mammalian MARKs (Figure 1B). All of these proteins
and dominant-negative versions of these proteins dis- have very similar kinase domains and C-terminal do-
rupt apical±basal polarity (BoÈ hm et al., 1997). The first mains, and show a dispersed but lower overall homology
mammalian homologs of PAR-1, the MARKs, were iden- in the linker region between these domains. As with
tified as kinases that phosphorylate the microtubule- other family members, however, the amino terminal do-
associated proteins, Tau, MAP2, and MAP4 (Drewes et mains of Drosophila PAR-1 are not conserved, and show
al., 1995, 1997; Illenberger et al., 1996). MARK-induced no similarity to each other or to any proteins in the
phosphorylation disrupts MAP binding to microtubules
database. There are two other related kinases, Kp78A
in vivo and leads to the destabilization of the microtubule
and Kp78B, in the ªcompleteº Drosophila genome, but
cytoskeleton without affecting the organization of actin
these are both more divergent than PAR-1, and lack the
(Drewes et al., 1997; Ebneth et al., 1999). Mammalian
C-terminal domain characteristic of this family (Figurehomologs of PAR-1 may therefore have a different func-
1B). Thus, the locus we describe here appears to encodetion from the C. elegans kinase, since the former regulate
the only PAR-1 homolog in the Drosophila genome.microtubule dynamics, whereas the PAR-1-dependent
We have identified and characterized several P-ele-polarization of the A±P axis in C. elegans is apparently
ment insertions within the par-1 locus (Figure 1A).microtubule-independent.
l(2)k06821 is one of three P elements inserted in theThe activity of the MARKs in microtubule regulation,
59-UTR of the N1 transcription unit, while EP(2)0899 liescoupled with the observation that PAR-1 is a key media-
just downstream in the first intron (Spradling et al., 1995).tor and molecular marker of A±P polarization in C. ele-
These insertions therefore lie in both the par-1 and mei-gans prompted us to investigate whether a PAR-1 homo-
W68 transcription units. l(2)k06821 disrupts the functionlog might play a role in the microtubule-dependent
of both genes, whereas EP(2)0899 has no associatedpolarization of the A±P axis in Drosophila, despite the
phenotypes, presumably because it is spliced out ofapparently different mechanisms of axis formation in
these transcripts (R. Patel and K. McKim, personal com-worms and flies.
munication). In contrast, l(2)k06323 is inserted within the
59-UTR of the N2 transcription unit, 3.5 kb distal to theResults
mei-W68 open reading frame, and fully complements
the mei-W681 mutation (McKim and Hayashi-Hagihara,Identification of the Drosophila Homolog
1998). Since no deficiencies for this region have beenof C. elegans par-1
reported, and none of these mutants affect all par-1To identify a Drosophila homolog of par-1, we used
transcripts, we screened collections of P-element exci-degenerate primers for conserved regions of the kinase
sions generated by R. Patel and K. McKim to identifydomain to amplify a PCR fragment from genomic DNA,
more severe genetic lesions at the locus. One excision,and used this as a probe to isolate three overlapping
W3, which originates from the viable EP(2)0899 line,cDNAs from a Drosophila ovarian library. Subsequently,
is homozygous lethal, and contains a 12.5 kb deletionthe Berkeley Drosophila Genome Project (BDGP) se-
removing all of the coding sequence for the PAR-1 ki-quenced the chromosomal region containing par-1
nase domain, as well as most of the linker region (Figure(polytene band 56D), and identified a number of ESTs
1A). Although the mei-W68 open reading frame remainscorresponding to transcripts from this locus. The par-1
intact in W3, there is a small deletion adjacent to thelocus spans approximately 30 kb, and encodes at least
remaining P-element sequence in the first intron, andfive classes of transcript that arise from a choice of three
W3 therefore also fails to complement mei-W681 (R. Pa-promoters and alternative splicing at the 39 end (Figure
tel and K. McKim, personal communication). As de-1A). Consequently, transcripts from each promoter are
scribed below, the insertions and excision that disruptpredicted to encode protein isoforms with distinct
N-terminal domains, which we have termed N1, N2, and the par-1 locus all affect PAR-1 protein expression and
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Figure 1. Identification of a Drosophila par-1 Homolog
(A) Organization of the par-1 locus and transcripts, showing the genomic position of three predicted promoters (green arrows) and P-element
insertions relevant for this study. The gene structure of mei-W68 (McKim and Hayashi-Hagihara, 1998) and 5 alternative par-1 transcripts is
also shown. par-1 UTR sequence is denoted in white, and the exons that encode the kinase and C-terminal domains are colored blue and
red, respectively. EST sequence analysis has also revealed the use of alternative splice acceptor and donor sites for exons 1b, 2b, 6, 8, 13,
and 14. These changes are not isoform specific and result in the insertion or removal of up to 15 amino acids. In some N2 transcripts, exon
12 or 13 is spliced out entirely. For clarity, these alternative splicing events have not been depicted. Conceptual translation of the PAR-1
alternative transcripts predicts protein isoforms of 833±1130 amino acids.
(B) A comparison of Drosophila PAR-1 with C. elegans PAR-1, R. norvegicus MARK1, and Drosophila Kp78A. Percentage identity (similarity)
at the amino acid level was calculated using ClustalW alignments, and the overall homology, as well as that of each domain, is shown.
(C) In vitro translation of PAR-1 isoforms, and approximate comigration with ovarian-expressed PAR-1 protein. Western blots were probed
for PAR-1.
(D) Expression of PAR-1 in par-1 mutant ovaries: 1, wild type; 2, par-1W3/CyO; 3, par-16821/par-16323; 4, par-16323; 5, par-16323/par-1W3; 6, par-
16323rev. The Western blot was probed for PAR-1 (top) and Stau (bottom) as a loading control.
establish a complementation group for par-1 pheno- to loading controls, confirming that these are all en-
coded by the par-1 locus.types; we have therefore renamed them as par-1 alleles:
par-16821, par-16323, and par-1W3. par-1 transcripts are expressed in both the germline
and somatic follicle cells throughout oogenesis, but ap-
pear to be uniformly distributed at all stages (data notPAR-1 Protein Localizes to the Posterior
of the Oocyte shown). Stainings with the PAR-1 antisera, however,
reveal that the protein localizes to a number of specificTo begin an analysis of a role for PAR-1 in oogenesis,
we raised a polyclonal antibody against a portion of the sites in both the germ cells and the follicle cells. PAR-1
localizes cortically in the follicle cells at early stages,linker region that is common to all predicted isoforms.
On Western blots of extracts from ovaries or early em- and is restricted to the basolateral membrane domain
of the columnar epithelium in stage 10 egg chambers,bryos, the affinity-purified antibody recognizes at least
5 bands that run between 105 and 160 kDa, which seem similar to the distribution of mammalian PAR-1 homo-
logs in cultured epithelial cells (Figure 2A) (BoÈ hm et al.,to correspond to the PAR-1 isoforms produced from
the alternative transcripts described above. Each band 1997). The earliest PAR-1 staining in the germline is
localized to the fusome, a branched structure extendingmigrates at the approximate molecular weight expected
for the predicted product of one of these mRNAs, and through the ring canals that functions to orient mitotic
spindles during the cell divisions in the germarium (Fig-roughly comigrates with protein translated in vitro from
the corresponding cDNA (Figure 1C). Furthermore, the ure 2C) (de Cuevas and Spradling, 1998). As the cysts
develop further, PAR-1 localizes to the ring canals andviable P-element insertion alleles reduce or abolish the
expression of the appropriate bands, whereas a re- the cortical cytoskeleton of the nurse cells (data not
shown). We can not detect any asymmetric localizationvertant obtained by precise excision of the l(2)k06323
insertion, par-16323rev, shows wild-type levels of expres- within the oocyte during stages 1±8, but in early stage
9 egg chambers, PAR-1 is transiently enriched at thesion of all isoforms (Figure 1D). We were unable to test
homozygotes of the null allele, par-1W3, since this muta- anterior of the oocyte (Figure 2D). It then starts to accu-
mulate at the posterior of the oocyte, and becomestion is homozygous lethal; however, heterozygous ova-
ries show reduced expression of all bands compared progressively more concentrated at the posterior pole
Cell
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Figure 3. PAR-1 Localization to the Oocyte Posterior Is Dependent
on oskar but Not vasa
PAR-1 staining at the posterior is unaffected in vasPD (A) and osk88/
Df(3R)pXT103 (B), but is abolished in osk54/Df(3R)pXT103 egg cham-
bers (C). PAR-1 localizes ectopically to the anterior of an oocyte
expressing the osk-bcd 39-UTR transgene (D).
chorion blocks antibody penetration, but the protein is
not enriched at the posterior of early embryos.
We have performed several controls to test for the
specificity of the antibody. First, all of the stainings were
Figure 2. Localization of PAR-1 during Oogenesis performed with affinity-purified antisera, and can be effi-
(A) Within the follicular epithelium of a stage 10 egg chamber, PAR-1 ciently competed by preincubation with purified protein
(red) is localized asymmetrically to the basolateral membrane (basal
(data not shown). Second, the cortical staining in theis up).
follicle cells is abolished in homozygous mutant clones(B) A follicle cell clone of the null allele, par-1W3, abolishes lateral
of the protein null allele, par-1W3 (Figure 2B). Lastly, stain-PAR-1 staining (seen from an apical cross-section). The clone is
marked by the absence of nuclear GFP (green). Note the more in- ing disappears from both the fusome and ring canals in
tense cortical staining of the twin spot (bright nuclear GFP, center), germline clones of this allele, which arrest oogenesis at
which has two wild-type copies of par-1, as compared to the cells stage 5 (not shown).
which are heterozygous for par-1W3 (left).
(C) In the germarium, PAR-1 localizes to the fusome (arrowheads);
the intense focus of staining at the very anterior tip (anterior is to Posterior Localization of PAR-1 Depends
the left) of the germaria is probably the spectrosome, which is be- on oskar
lieved to give rise to the fusome.
Pole plasm formation depends on the stepwise recruit-(D) In an early stage 9 egg chamber, PAR-1 is transiently localized
ment of a number of posterior group gene products toto the anterior margin (arrowheads) of the oocyte, and is just begin-
the posterior pole. The posterior localization of Stau andning to appear at the posterior.
(E) Enrichment of PAR-1 at the oocyte posterior peaks in a stage osk mRNA leads to the translational activation of the
10 egg chamber. latter to produce Osk protein, which then anchors the
(F±H) Colocalization of PAR-1 (red) and Stau:GFP (green) at the complex and recruits Vas protein (Markussen et al.,
posterior of the oocyte during late stage 9.
1995; Breitwieser et al., 1996; Rongo et al., 1997). To
determine where PAR-1 lies in this hierarchy, we exam-
ined its localization in various posterior group mutantsduring stages 9±10 (Figures 2D and 2E). The posterior
localization of PAR-1 is very similar to that of the first (Figure 3). PAR-1 localization at the oocyte posterior is
unaffected in vasPD egg chambers, and in homozygotescomponents of the pole plasm, osk mRNA and Staufen
(Stau) protein, which also show a transient anterior local- for osk missense mutations, in which osk mRNA is local-
ized and anchored at the posterior, but fails to recruitization before moving to the posterior cortex during
stage 9 (Ephrussi et al., 1991; Kim-Ha et al., 1991; St Vas (Figures 3A and 3B). In contrast, the strong osk
nonsense allele, osk54, completely abolishes the poste-Johnston et al., 1991). Indeed, PAR-1 colocalizes with
a GFP:Stau fusion protein at the posterior of the oocyte rior localization of PAR-1 and null mutations in stau have
a similar effect (Figure 3C and data not shown). Thus,(Figures 2F±2H). Thus, like its counterpart in C. elegans,
Drosophila PAR-1 is one of the earliest markers for the the recruitment of PAR-1 to the posterior is upstream
and independent of vas, but requires osk and stau.posterior pole. We can not reliably follow the localization
of PAR-1 at later stages in oogenesis because the Since the posterior localization of osk mRNA, Stau,
Drosophila PAR-1 and Axis Formation
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Table 1. Penetrance of par-1 Posterior Group Phenotypes and oskar mRNA Localization Defects
par-16821/par-16323 par-16323 par-16323/par-1W3 par-16323rev
Wild-type abdominal pattern1 73% (n 5 351) 44% (n 5 138) 5% (n 5 136) 99% (n 5 138)
Mean number of denticle belts 6.9 5.0 0.7 7.9
Escaper adults with germ cells 69/94 10/16 0/57 25/25
osk mRNA detectable at 67% (n 5 160) 50% (n 5 114) 0% (n 5 113) 100% (n 5 37)
posterior, stages 10-11
osk mRNA mislocalized to 55%2 75%2 73% 0%
oocyte center, stages 10-11
1 Percentage of total embryos and hatched larvae with 8 abdominal denticle belts.
2 These figures include egg chambers in which osk was detected at both the posterior and in the center of the oocyte (12% of par-16821/
par-16323 and 25% of par-16323).
and Osk are interdependent, these experiments do not show typical posterior group phenotypes: the embryos
lack abdominal segments, and pole cells fail to form,distinguish which of these components is responsible
for recruiting PAR-1 to the posterior pole. We therefore giving rise to a grandchildless phenotype, in which the
adult ªescapersº have agametic gonads (Table 1 andmade use of an osk-bcd 39-UTR transgene, in which
the bcd localization signal directs the Stau-independent Figure 4). Furthermore, these embryos show little or no
Vas staining at the posterior pole, indicating that thelocalization of osk mRNA and protein to the anterior
of the oocyte (Ephrussi and Lehmann, 1992). In egg phenotypes arise from a defect in pole plasm formation
(Figure 4F). The severity of these phenotypes correlateschambers expressing this construct, PAR-1 localizes to
the anterior as well as the posterior pole of the oocyte well with the reduction in the levels of PAR-1 protein in
the mutant ovaries (Figure 1D and Table 1). The strong-(Figure 3D). Thus, PAR-1 must interact directly or indi-
rectly with either Osk protein or a region of osk mRNA est mutant combination, par-16323/par-1W3, produces a
completely penetrant posterior group phenotype andother than the 39-UTR, which is absent from the trans-
gene. Taken together, our results are most consistent has the lowest amounts of maternal PAR-1, whereas
the other mutant combinations express more proteinwith a model in which PAR-1 associates with osk mRNA,
since both show a transient localization at the anterior and produce weaker phenotypes.
In addition to its requirement for posterior patterning,of wild-type stage 9 oocytes, whereas Osk protein is
not translated until the mRNA reaches the posterior loss of par-1 causes other less penetrant maternal-
effect phenotypes, such as defects in the organization(Markussen et al., 1995).
In C. elegans, the posterior localization of PAR-1 re- of the head skeleton and telson, and a low frequency
of death prior to cuticle deposition, but these appear toquires the activity of a number of genes, including par-3
and nmy-2 (Etemad-Moghadam et al., 1995; Guo and be unrelated to its function in A±P axis formation.
Kemphues, 1996). To determine whether PAR-1 localiza-
tion in Drosophila has any features in common with
C. elegans, we generated mutant germline clones of par-1 Is Required for the Posterior Localization
of oskar mRNAspaghetti-squashAX3, a null allele for the nonmuscle myo-
sin II regulatory light chain, and bazooka4, a strong muta- Given the lack of pole plasm in embryos derived from
par-1 mothers, we examined the earliest steps of poletion in the par-3 homolog (Muller and Wieschaus, 1996;
Jordan and Karess, 1997; Kuchinke et al., 1998). Neither plasm assembly during oogenesis. In par-1 egg cham-
bers, osk mRNA localizes normally through stage 7, butof these mutations had an effect on PAR-1 localization
to the posterior, and there appear to be no other homo- then diverges strikingly from the wild-type pattern (Fig-
ure 5). In the strongest viable allelic combination, par-logs of these genes in the Drosophila genome, indicating
that the kinase is recruited to the posterior by distinct 16323/par-1W3, osk mRNA is never detected at the poste-
rior, and is either mislocalized to an ectopic site in themechanisms in the two organisms (data not shown).
center of the oocyte (73%) or not localized at all (27%)
(Figures 5C and 5D and Table 1). This unusual osk mRNALoss of par-1 Function Disrupts Pole Cell Formation
and Abdominal Patterning ªdotº forms as early as stage 8, and can persist until
stage 11, the latest stage that can be examined. StauGiven the analogous posterior localization of PAR-1 in
the C. elegans zygote and the Drosophila oocyte, we protein shows an identical mislocalization to the middle
of the oocyte in these mutants (Figure 5F). Weaker allelicexamined whether Drosophila PAR-1 has a similar role
to the nematode gene in the localization of the germline combinations show a similar abnormal pattern of Stau
and osk mRNA localization, but with lower penetrancedeterminants and the polarization of the A±P axis. The
null allele, par-1W3, is homozygous lethal, and germline (Table 1). In addition, these egg chambers often show an
intermediate phenotype in which some osk RNA forms aclones arrest oogenesis at about stage 5, preventing
analysis of its effect on axis formation. We therefore dot in the middle of the oocyte while the rest localizes
normally to the posterior cortex (Figure 5B). Occasionalexamined the maternal-effect phenotypes of the homo-
zygous viable mutant combinations par-16821/par-16323, dots of mislocalized osk mRNA are even observed in
par-1W3 heterozygotes, indicating that par-1 has a slightpar-16323, and par-16323/par-1W3, which reduce the levels
of PAR-1 protein without disrupting the function of dominant haplo-insufficient phenotype (not shown).
Overall, the penetrance of the osk mRNA mislocalizationmei-W68. The progeny of mothers of all three genotypes
Cell
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Figure 4. Mutations in par-1 Generate Poste-
rior Group Phenotypes
Cuticle preps (A and B) and stainings for Vas
(green), which mark the pole cells in stage 4
embryos (C and D) and the pole plasm in
freshly laid eggs (E and F). (A, C, and E) wild
type. (B and D) par-16821/par-16323. (F) par-16323/
par-1W3.
phenotype correlates well with that of abdominal de- osk mRNA to the oocyte center and bcd mRNA to the
posterior as well as the anterior pole. However, in par-1fects for each allelic combination.
A similar ectopic mislocalization of osk mRNA is ob- oocytes, bcd mRNA localization is indistinguishable
from wild type (Figure 5G). Furthermore, whereas theserved in mutants such as gurken (grk), EGFR, PKA,
and Notch (Ruohola et al., 1991; Lane and Kalderon, oocyte nucleus frequently fails to migrate to the anterior
in grk or Notch, it always moves to the correct position1994; GonzaÂ lez-Reyes et al., 1995; Roth et al., 1995).
These mutations disrupt signaling between the posterior in par-1 egg chambers (Figures 5G and 5H). The localiza-
tion of grk mRNA to the dorsal-anterior margin of thefollicle cells and the oocyte, resulting in the formation
of a symmetric microtubule cytoskeleton which localizes oocyte is also unaffected (Figure 5H), consistent with
Figure 5. par-1 Is Required for oskar mRNA
Localization
(A±D) In situ hybridization for osk mRNA. (A)
In wild type, osk is tightly localized to the
posterior cortex of the oocyte in a stage 10
egg chamber. (B) In weak par-1 alleles, such
as par-16821, osk is often localized to an ec-
topic central location in addition to the poste-
rior. (C and D) In stronger allelic combina-
tions, such as par-16323 or par-16323/par-1W3,
respectively, osk is only detectable in the
center of the oocyte. Examples of stage 9 (C)
and stage 10 (D) egg chambers are shown.
(E and F) Stau protein (red) is also redirected
from its wild-type posterior localization (E) to
the oocyte center in par-1 mutants; par-16821/
par-16323 is shown (F).
(G and H) In par-16323/par-1W3 egg chambers,
bcd mRNA (G) and grk mRNA (H) are localized
normally to the anterior and dorsal-anterior
margins of the oocyte, respectively. Nuclear
migration to the anterior is similarly unaf-
fected (oocyte nucleus indicated by arrow-
heads).
(I) In par-1 mutant egg chambers, the en-
hancer-trap line, L53b, is expressed only in
the anterior population of follicle cells, indi-
cating that posterior follicle cell fate is unaf-
fected. A par-16821/par-16323 egg chamber is
shown, and the same result is obtained for
par-16323/par-1W3.
(J) Mislocalization of Stau (red) in a germline
clone of par-16821. The clone is marked by the
absence of GFP (green) in the nuclei of the
nurse cells and oocyte. In contrast, the so-
matic follicular epithelium is heterozygous for
par-1, including the border cells, a population
of follicle cells which migrate to the anterior
of the oocyte.
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Figure 6. Mutations in par-1 Disrupt Microtu-
bule Organization in the Oocyte
(A±D) Microtubule organization visualized in
live oocytes by expression of Tau:GFP; all
images were taken at a similar, central focal
plane.
(E and F) Kin:b-gal.
(G and H) Nod:b-gal.
(A, E, and G) par-1/1 sibling controls, in which
microtubule organization and polarity are in-
distinguishable from wild type.
(B) par-16821 is shown, and a similar phenotype
is consistently observed in all allelic combina-
tions.
(F and H) par-16323/par-1W3.
(C) capuRK.
(D) grk2E12.
the normal dorsal-ventral patterning of par-1 eggs and a Nod:b-gal fusion localizes to the anterior (Figures 6E
and 6G).embryos. Thus, the par-1 mutants cause a novel polarity
phenotype, in which the posterior transport of osk mRNA In par-1 mutant oocytes, Tau:GFP labels microtubules
uniformly around the cortex, including the posterioris redirected to the center of the oocyte, whereas bcd
and grk mRNAs and the oocyte nucleus localize normally pole, where they are never seen in wild type (Figure
6B). Moreover, like osk mRNA and Stau, Kin:b-gal isat the anterior.
Since the posterior localization of osk mRNA is depen- mislocalized to the center of the oocyte, although a
small amount of residual staining is often seen at thedent on a polarizing signal from the posterior follicle
cells, we examined whether these cells are correctly posterior (Figure 6F). In contrast, Nod:b-gal shows a
normal localization to the anterior in par-1 mutant oo-specified in par-1 mutants, and whether PAR-1 function
is required in the germline or somatic cells of the egg cytes, suggesting that the microtubules are still nucle-
ated from this pole (Figure 6H). Like the other aspectschamber. Unlike grk mutants, in which the ªposteriorº
follicle cells adopt an anterior fate and express the en- of the par-1 phenotype, the disruption of microtubule
organization is completely penetrant in par-16323/par-1W3hancer-trap line L53b, this line is expressed solely at
the anterior in par-16323/par-1W3 egg chambers, indicating egg chambers, but less so in the weaker allelic combina-
tions.that PAR-1 is not required for Gurken signaling to the
posterior follicle cells (Figure 5I). Since germline clones The abnormal arrangement of microtubules in par-1
is similar to that seen in cappuccino (capu), spire (spir),of the par-1 null allele block oogenesis, we generated
GFP-marked germline clones of the hypomorphic allele, and chickadee mutants, which disrupt osk mRNA local-
ization by causing a premature rearrangement of micro-par-16821, and found that Stau is mislocalized to the cen-
ter of the oocyte (Figure 5J). Lastly, a par-1(N1S) tubules into a cortical array (Theurkauf, 1994; Emmons
et al., 1995; Manseau et al., 1996; Wellington et al., 1999).transgene expressed from the germline-specific a4-tubu-
lin promoter efficiently rescues the par-16323/par-1W3 osk Upon careful comparison, however, the microtubules in
par-1 appear more diffuse than the tight, parallel bun-mRNA localization and embryonic patterning defects
(data not shown). Thus, par-1 is required autonomously dles of capu egg chambers (Figure 6C). Furthermore,
whereas mutations in capu or spir cause the prematurein the germline for the posterior localization of osk
mRNA, and this function must occur after stage 2, when initiation of cytoplasmic streaming, the cytoplasmic
movements of par-1 oocytes are indistinguishable fromthe transgene is first expressed.
wild type (data not shown). The microtubule organization
in par-1 mutants also differs from that seen in grk mu-par-1 Mutants Disrupt the Organization of the Oocyte
tants, which fail to disassemble the posterior MTOC,Microtubule Cytoskeleton
resulting in a focus of microtubules at the posterior poleThe localization of osk mRNA is microtubule-dependent,
that is never seen in par-1 oocytes (Figure 6D).and several mutants that disrupt this process do so
by altering the organization of the oocyte microtubule
network. We therefore examined whether microtubule Discussion
organization and polarity are also disrupted in par-1
oocytes. In wild-type oocytes, the microtubules are or- A Link between A±P Polarization in Drosophila
and C. elegansganized in an A±P gradient at stage 7±9 that can be
visualized using a Tau:GFP fusion protein (Figure 6A) Despite extensive molecular investigation and several
large-scale genetic screens, no common components(Micklem et al., 1997). In addition, the polarity of the
microtubules can be assayed by expressing microtubule have previously been found to be required for A±P axis
polarization in Drosophila and C. elegans. Indeed, themotor proteins fused to b-galactosidase (b-gal) (Clark et
al., 1994, 1997). A b-gal fusion to the plus-end-directed primary axes of these two organisms are specified by
different cues, at different stages of development, andmotor, Kinesin (Kin:b-gal), localizes to the posterior of
the oocyte during stages 9±10 like osk mRNA, whereas by mechanisms with distinct cytoskeletal requirements.
Cell
384
Nevertheless, in both systems, the axis is polarized the P granules disappear and then reappear two divi-
within a single cell by an extrinsic spatial cue that trig- sions later in all cells of the embryo (Kemphues et al.,
gers cytoskeletal and cytoplasmic rearrangements, and 1988; Guo and Kemphues, 1995). PAR-1 is therefore
in each case, these events culminate in the posterior required for the stability of the P granules at the one-
localization of germline determinants. Here we report cell stage, and for an A±P polarity that is independent
the characterization of Drosophila PAR-1 and show that, of cytoplasmic flows. It is interesting to note that subse-
like its C. elegans homolog, it is required for primary quent to the first division, P granules continue to segre-
axis formation, thereby providing the first molecular link gate within the P lineage in the absence of flows, and
between A±P polarization in these two organisms. localize in a microtubule-dependent manner via an asso-
In the nematode, mutations in par-1 disrupt the posi- ciation with one spindle pole during anaphase (Hird et
tioning of the mitotic spindle, leading to a symmetric al., 1996). A similar mechanism has been described for
first division, and block the segregation of the P granules P-granule segregation during the first cell cycle in some
and other determinants to the posterior daughter blasto- nematode species which, like Drosophila, polarize the
mere, resulting in disorganized embryos that lack germ A±P axis during oogenesis (Goldstein and Hird, 1996).
cells (Kemphues et al., 1988; Guo and Kemphues, 1995; Since almost nothing is known about the alternative
Bowerman et al., 1997). In Drosophila, mutations in par-1 localization pathway in C. elegans, the role of PAR-1 in
disrupt the polarized organization of the oocyte micro- this process might therefore be more similar to its func-
tubule network and block the posterior localization of tion in Drosophila than first appears.
osk mRNA, leading to defects in the posterior patterning
of the embryo and the formation of the germ cells. The The Role of PAR-1 in Drosophila Axis Formation
functional analogy revealed by par-1 mutant pheno- Although Drosophila par-1 mutations cause typical pos-
types in Drosophila and C. elegans is reinforced by the terior group phenotypes in the embryo, they have a
finding that PAR-1 protein localizes to the posterior pole different effect from all previously identified mutations
at the time when the A±P axis is being specified in both on the polarization of the oocyte at stage 9. Mutations
organisms, even though the mechanisms of localization in genes such as grk, Notch, and PKA disrupt signaling
are distinct. In the nematode, PAR-1 localization to the from the posterior follicle cells and cause a similar mislo-
posterior requires the activity of PAR-2, PAR-3, and calization of osk mRNA and Kin:b-gal to the center of
NMY-2 (Etemad-Moghadam et al., 1995; Boyd et al., the oocyte as seen in par-1 (Ruohola et al., 1991; Lane
1996; Guo and Kemphues, 1996). In contrast, we have and Kalderon, 1994; GonzaÂ lez-Reyes et al., 1995; Roth
found that homologs of PAR-3 and the NMY-2 light chain et al., 1995). However, in contrast to these mutants,
are not required for the localization of Drosophila PAR-1, the posterior MTOC is disassembled normally in par-1
and its recruitment to the posterior of the oocyte at oocytes, and both bcd mRNA localization and nuclear
stage 9 depends instead on osk mRNA. Nevertheless, migration are unaffected. The par-1 phenotype is also
PAR-1 is one of the first molecules to localize to the distinguishable from that caused by mutations in capu,
posterior in each system, and provides an example of spir, and chickadee (Theurkauf, 1994; Emmons et al.,
a common mediator and molecular marker of A±P polar-
1995; Manseau et al., 1996; Wellington et al., 1999).
ity in flies and worms.
These mutants show tight microtubule bundles and a
This conserved requirement for par-1 is somewhat
complete delocalization of osk mRNA, whereas par-1
surprising given the apparently distinct mechanisms by
oocytes show comparatively diffuse microtubule arrayswhich the A±P axes form in Drosophila and C. elegans.
and mislocalize osk to an ectopic ªdot.º Furthermore,The localization of the polar granules in Drosophila de-
par-1 has no effect on cytoplasmic streaming, grk mRNApends on the microtubule-dependent transport of osk
localization, or dorsal±ventral patterning of the egg shellmRNA to the posterior of the oocyte, and, as we discuss
and embryo, processes that are all disrupted by thebelow, our results, in conjunction with the work on the
capu-like mutations. Since the par-1 null allele blocksmammalian MARKs, support a direct role for PAR-1 in
oocyte development before stage 6, we can not com-remodeling the oocyte microtubule cytoskeleton. In
pletely rule out the possibility that the phenotype of thecontrast, the completed C. elegans genome reveals no
strongest viable par-1 mutant combination reflects anosk homolog, and P-granule segregation during the first
incompletely penetrant grk- or capu-like phenotype.cell cycle requires the actin cytoskeleton, but not micro-
This seems highly unlikely, however, because in contrasttubules (Strome and Wood, 1983).
to weak grk or capu mutants, par-16323/par-1W3 oocytesA possible resolution to this paradox is suggested by
produce a completely penetrant disruption of microtu-several recent results that reveal the existence of parallel
bule organization and osk mRNA localization, but dopathways for localizing the P granules to the germ cell
not affect bcd and grk mRNA localization, nuclear migra-lineage of C. elegans. Mutations in par-2 and pod-1
tion, or cytoplasmic streaming. PAR-1 therefore seemsand RNAi against nmy-2 and mlc-4 severely impair or
to be required for a novel step in the A±P polarizationeliminate the cytoplasmic flows that normally localize
of the oocyte that is necessary for osk but not bcd mRNAthe P granules, yet these particles can still segregate to
localization.the posterior (Kemphues et al., 1988; Kirby et al., 1990;
Microtubule stainings and the behavior of the Kin:b-Rappleye et al., 1999; Shelton et al., 1999). Thus, the
gal and Nod:b-gal fusion proteins have led to a simpleone-cell zygote must still possess A±P polarity that can
model for the microtubule organization in the stage 9direct P-granule segregation in the absence of cyto-
oocyte, in which the majority of the minus ends areplasmic flows. Furthermore, par-1 mutants do not dis-
nucleated from the anterior cortex, with the plus endsrupt the actin reorganization or the cytoplasmic flows
during the first cell cycle (Kirby et al., 1990). Instead, extending toward the posterior pole (Theurkauf et al.,
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1992; Clark et al., 1994, 1997). Between stages 7 and 8, phenotype of par-1 mutants without also rescuing the
posterior localization of PAR-1 protein. One possibilityat least two events must take place in the oocyte in
order to generate this polarized microtubule array: (1) is that this constitutes a positive feedback loop that
reinforces an earlier function in the polarization of thethe signal from the posterior follicle cells induces the
disassembly of the MTOC at the posterior of the oocyte, oocyte by concentrating the protein where it is needed.
Alternatively, localized PAR-1 could play a direct role inand (2) a new MTOC is activated along the anterior
cortex. Both of these events seem to occur normally in the downstream steps of pole plasm assembly. In C.
elegans, PAR-1 has been implicated in the translationalpar-1 mutants, since bcd mRNA and Nod:b-gal show a
wild-type localization to the anterior of the oocyte, and activation of pal-1 mRNA in the P1 blastomere, where
its activity is required to relieve translational repressionthere is no ectopic focus of microtubules at the posterior
pole. Thus, the par-1 phenotype reveals that the polar- mediated by the RNA binding protein MEX-3 (Bowerman
et al., 1997). The association of Drosophila PAR-1 withization of the oocyte microtubule network requires more
than just a simple switch from a posterior to an anterior osk mRNA therefore raises the possibility that it may
function in a similar manner to relieve Bruno-dependentMTOC. If Kin:b-gal and Nod:b-gal are reliable markers
for the ends of microtubules, the plus ends appear to translational repression once osk reaches the posterior
pole (Kim-Ha et al., 1995).be abnormally focused on the middle of the oocyte in
par-1 mutants, whereas the minus ends are unaffected.
Thus, PAR-1 activity may be required to regulate the Additional Roles for PAR-1 in Cell Polarization
Although the polarization of the oocyte microtubule cy-plus ends of the microtubules so that they direct osk
mRNA transport to the posterior pole. toskeleton is most sensitive to reductions in PAR-1 ac-
tivity in Drosophila, this kinase is also required at otherThe mammalian homologs of PAR-1, the MARKs, were
identified for their ability to phosphorylate a repeated stages of development. In the germarium, PAR-1 is lo-
calized to the fusome, and germline clones of the par-1motif in the microtubule binding domains of Tau, MAP2,
and MAP4 (Drewes et al., 1997). Phosphorylation at null allele block oogenesis during the previtellogenic
stages. PAR-1 must therefore have an earlier, essentialthese sites reduces the binding affinity of these MAPs
for microtubules and induces microtubule depolymer- role, perhaps in specifying asymmetry during the divi-
sions that give rise to the germline cyst or during theization (Drewes et al., 1995; Illenberger et al., 1996; Eb-
neth et al., 1999). Thus, it is attractive to propose that subsequent determination of the oocyte. Furthermore,
consistent with a previous investigation of mammalianDrosophila PAR-1 has a similar activity, and functions by
phosphorylating MAPs to modulate oocyte microtubule PAR-1 homologs in cultured epithelial cells, we have
found that PAR-1 is localized to the basolateral mem-dynamics.
brane of the mature follicular epithelium, suggesting the
possibility of a conserved role in epithelial polarizationThe Role of PAR-1 Posterior Localization
(BoÈ hm et al., 1997). Finally, par-1 must have additionalPAR-1 localizes to the posterior with osk mRNA during
functions during the development of the zygote, sincestage 9, but par-1 mutants disrupt the microtubule orga-
the null allele is homozygous lethal, and this probablynization as early as stage 8, and as a consequence,
explains why it was not identified in previous screensneither osk mRNA nor Stau protein localize to the poste-
for maternal-effect mutations that affect embryonic pat-rior pole. PAR-1 activity is therefore required for its own
terning.osk-dependent localization. Consistent with this, we
In conclusion, the parallels between the localizationhave occasionally observed mislocalized PAR-1 protein
and function of PAR-1 homologs in Drosophila, C. ele-in the center of the oocyte in weak par-1 allelic combina-
gans, and mammalian systems indicate that this kinasetions (data not shown). We have not detected any asym-
family shares a conserved function in the generation ofmetrically localized PAR-1 in the oocyte during the
cell polarity. Although its exact requirement is not knownstages when the microtubule reorganization takes
in any of these contexts, our analysis of the Drosophilaplace, but it is possible that PAR-1 function is localized
par-1 phenotype, coupled with the activity of the mam-instead through the regulation of its activation. Indeed,
malian MARKs, strongly suggest that PAR-1 plays athe activity of the MARKs has been shown to depend
direct role in polarizing the microtubule cytoskeleton,on the phosphorylation of regulatory sites within the
and Drosophila should therefore provide a valuable sys-kinase domain, and these residues are conserved in
tem for investigating the in vivo activities of these ki-Drosophila PAR-1. Such regulation may also occur in
nases.C. elegans, since the posterior localization of PAR-1 is
not essential for all of its functions in polarizing the
Experimental Proceduresfirst cell division. In par-2 mutants, for example, the P
granules often segregate normally, even though PAR-1
Fly Strains
protein is not localized to the posterior, whereas par-1 The P-element insertions in the par-1 locus are as follows:
mutants completely abolish P-granule partitioning l(2)k06821, l(2)k05603, l(2)k06323, EP(2)1144, and EP(2)0899
(Spradling et al., 1995). l(2)k06821 was obtained as a double insert(Kemphues et al., 1988; Boyd et al., 1996).
line from BDGP, and the proximal insertion was removed by recom-Our finding that the role of PAR-1 in A±P axis formation
bination. The following mutant allelic combinations were used in ourprecedes its osk-dependent localization to the posterior
analysis: osk88/Df(3R)pXT103, osk54/Df(3R)pXT103, stauD3 (Lehmannraises the question of whether it has any additional func-
and NuÈ sslein-Volhard, 1991), vasPD (SchuÈ pbach and Wieschaus,
tions once it has reached the posterior pole. This ques- 1986), capuRK (Manseau and SchuÈ pbach, 1989), grk2E12 (SchuÈ pbach,
tion is not straightforward to answer, since it is not 1987), spaghetti-squashAX3 (Jordan and Karess, 1997), and bazooka4
(Muller and Wieschaus, 1996). The following transgenic stocks werepossible at present to rescue the osk mRNA localization
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also used: osk-bcd 39-UTR (Ephrussi and Lehmann, 1992), Bowerman, B., Ingram, M.K., and Hunter, C. (1997). The maternal
par genes and the segregation of cell fate specification activities inGFP:Stau17DN (Schuldt et al., 1998), KZ503 Kin:LacZ (Clark et al.,
1994), NZ143.2 Nod:LacZ (Clark et al., 1997), L53b (Fasano and early Caenorhabditis elegans embryos. Development 124, 3815±
3826.Kerridge, 1988), TauGFP24.1, and TauGFP2.1 (Micklem et al., 1997).
Follicle cell or germline clones were generated using the FLP/FRT Boyd, L., Guo, S., Levitan, D., Stinchcomb, D.T., and Kemphues,
technique (Xu and Rubin, 1993; Chou and Perrimon, 1996). The K. J. (1996). PAR-2 is asymmetrically distributed and promotes asso-
FRTG13-nlsGFP was a gift from Stefan Luschnig (TuÈ bingen). ciation of P granules and PAR-1 with the cortex in C. elegans em-
bryos. Development 122, 3075±3084.
Cloning and Molecular Characterization of par-1 Breitwieser, W., Markussen, F.-H., Horstmann, H., and Ephrussi, A.
A par-1 genomic fragment was amplified from white genomic DNA (1996). Oskar protein interaction with Vasa represents an essential
using the degenerate primers 59GGCGGATCCTCIGTISWCATRTAR step in polar granule asssembly. Genes Dev. 10, 2179±2188.
AAIGG39 and 59GGCTCTAGAATGAARGARAARGARGC39, and this
Chou, T.-B., and Perrimon, N. (1996). The autosomal FLP-DFS tech-PCR product was used to screen an ovarian cDNA library (Stroum-
nique for generating germline mosaics in Drosophila melanogaster.bakis et al., 1994). The par-1 locus is spanned by two P1 clones
Genetics 144, 1673±1679.from BDGP, DS07982 and DS07774 (Hartl et al., 1994; Kimmerly et
Clark, I., Giniger, E., Ruohola-Baker, H., Jan, L., and Jan, Y. (1994).al., 1996). The promoters and splicing pattern of par-1 transcripts
Transient posterior localisation of a kinesin fusion protein reflectswere mapped by aligning the BDGP genomic sequence with that
anteroposterior polarity of the Drosophila oocyte. Curr. Biol. 4,of our identified cDNA clones and several BDGP ESTs (BDGP, un-
289±300.published data; BDGP/HHMI EST Project, unpublished data) (details
provided upon request). ClustalW sequence alignments were per- Clark, I., Jan, L.Y., and Jan, Y.N. (1997). Reciprocal localization of
formed using MacVector 6.5 (Oxford Molecular). Nod and kinesin fusion proteins indicates microtubule polarity in
The P-element insertions, except l(2)k06821, were mapped to the the Drosophila oocyte, epithelium, neuron and muscle. Development
genomic contig using inverse PCR data provided on the BDGP web 124, 461±470.
pages (Spradling et al., 1995). l(2)k06821 was mapped to par-1 via de Cuevas, M., and Spradling, A.C. (1998). Morphogenesis of the
P-element rescue of the flanking genomic sequence. The proximal
Drosophila fusome and its implications for oocyte specification.
and distal breakpoints of the W3 excision were determined by se-
Development 125, 2781±2789.
quencing a PCR fragment spanning the deletion.
Drewes, G., Trinczek, B., Illenberger, S., Biernat, J., Schmitt-Ulms,A GFP:par-1(N1S) fusion transgene was constructed by introduc-
G., Meyer, H.E., Mandelkow, E.M., and Mandelkow, E. (1995). Micro-ing a BamHI site upstream of the open reading frame in LD20471
tubule-associated protein/microtubule affinity-regulating kinaseusing the Stratagene Mutagenesis kit, and subcloning a BamHI-XhoI
(p110mark). A novel protein kinase that regulates tau-microtubulefragment into the modified P-element vector, pCaTub67CmatpolyA
interactions and dynamic instability by phosphorylation at the Alz-(Schuldt et al., 1998).
heimer-specific site serine 262. J. Biol. Chem. 270, 7679±7688.
Drewes, G., Ebneth, A., Preuss, U., Mandelkow, E.M., and Mandel-Generation of Antisera and Western Analysis
A 350 amino acid PAR-1 linker fragment (ADLADP to RFSKRP) fused kow, E. (1997). MARK, a novel family of protein kinases that phos-
with a 63 His tag was expressed in bacteria from the pRSETA vector phorylate microtubule-associated proteins and trigger microtubule
(Invitrogen), purified using Qiagen Ni-NTA matrix, and injected into disruption. Cell 89, 297±308.
rabbits (Eurogentec). Antisera were affinity purified over CH-Sepha- Ebneth, A., Drewes, G., and Mandelkow, E. (1999). Phosphorylation
rose 4B beads (Sigma) coupled to purified PAR-1 linker fragment. of MAP2c and MAP4 by MARK kinases leads to the destabilization
In vitro translations were performed using the TnT kit (Stratagene) of microtubules in cells. Cell. Motil. Cytoskeleton 44, 209±224.
(template details provided upon request). For Westerns, the anti-
Eddy, E.M. (1975). Germ plasm and the differentiation of the germ
PAR-1 and anti-Stau antibodies (St Johnston et al., 1991) were di-
cell line. Int. Rev. Cytology 43, 229±280.luted to 1/50,000 and 1/500, respectively.
Emmons, S., Phan, H., Calley, J., Chen, W., James, B., and Manseau,
L. (1995). cappuccino, a Drosophila maternal effect gene requiredImmunohistochemistry and In Situ Hybridization
for polarity of the egg and embryo, is related to the vertebrate limbAntibody stainings were performed according to standard proce-
deformity locus. Genes Dev. 9, 2482±2494.dures. Primary antibodies were diluted as follows: PAR-1, 1/5000;
Stau, 1/5000 (St Johnston et al., 1991); Vas, 1/1000 (Lasko and Ephrussi, A., and Lehmann, R. (1992). Induction of germ cell forma-
Ashburner, 1990); b-gal, 1/5000 (ICN Pharmaceuticals). Texas Red- tion by oskar. Nature 358, 387±392.
or Alexa488-conjugated anti-rabbit secondary antibodies (Molecu- Ephrussi, A., Dickinson, L.K., and Lehmann, R. (1991). oskar orga-
lar Probes) were used at 1/200 dilution. In situ hybridizations were nizes the germ plasm and directs localization of the posterior deter-
carried out using RNA probes labeled with Digoxigenin-UTP (Boeh- minant nanos. Cell 66, 37±50.
ringer Mannheim) and standard conditions for fixation, hybridization,
Etemad-Moghadam, B., Guo, S., and Kemphues, K.J. (1995). Asym-and staining. b-gal staining was performed as described (Montell
metrically distributed PAR-3 protein contributes to cell polarity andet al., 1992).
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